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Recent, more complete geophysical mapping of the Moon by the Clementine and Lunar
Prospector missions, as well as continued analysis and interpretation of the Apollo lunar seis-
mic dataset, have significantly improved existing geophysical constraints on lunar origin and
evolution. Gravity and topography data indicate large lateral variations in crustal thickness (~20—
110 km) and a range of compensation states that imply a more complex near-surface thermal
history than had previously been considered. A recent P-wave mantle velocity model together
with earlier quantitative modeling strongly suggests that initial melting and differentiation of
the lunar interior was limited to depths <500 km. Recent analyses of Lunar Prospector magne-
tometer, gravity, and groundbased laser-ranging data strengthen earlier conclusions that the Moon
most probably possesses a metallic core with a mass of 1-3% of the lunar mass.

1. INTRODUCTION year Apollo dataset. In additiokhan et al.(2000) have
recently derived an improved P-wave mantle velocity model

Geophysical observations impose quantitative constrainising more advanced computational resources than were
on the internal structure, thermal state, thermal history, aasailable during the immediate post-Apollo period. Second,
bulk composition of the Moon. Gravity and topography datemore complete orbital geophysical measurements have
can, with reasonable assumptions, be applied to estimageently been acquired by instruments onboard the Clemen-
crustal thickness and its lateral variability on a global scaléne and Lunar Prospector spacecrifbZette et al.1994;
These data can also be applied to assess the rigidity of Biader et al.,1998). These new analyses and measurements
lithosphere as a function of time during lunar evolutionhave led to notable refinements of geophysical constraints
Seismic data impose quantitative constraints on crustah lunar origin and evolution. In this chapter, these refined
structure beneath the Apollo landing sites and on mantb®nstraints are reviewed. In section 2, improved analyses
structure, thermal state, and composition as a function of topography and gravity data with implications for near-
depth. Gravity (moment of inertia), electromagnetic soundsurface structure and evolution are summarized. In sec-
ing, and laser ranging data together impose significant cotien 3, the interpretation of mantle seismic velocity models
straints on the existence and size of a possible metallic coiereviewed with emphasis on implications for bulk com-
These results can, in turn, be applied to address several fposition and depth of initial melting and differentiation. In
damental issues that are relevant to lunar origin and evokection 4, a brief review is presented of geophysical con-
tion, including (1) the early thermal state and lateradtraints on the existence and size of a metallic core, includ-
heterogeneity of the lunar lithosphere, (2) the bulk compdag several recent results based on Lunar Prospector data.
sition of the crust and mantle, (3) the depth of initial meltin section 5, a summary of those results that are most rel-
ing and differentiation, and (4) the bulk lunar metallic Fevant to lunar origin and evolution models is given.
content.

Previous reviews bidood (1986) (hereinaftell86) and
Solomon(1986) have summarized geophysical constraints 2. NEAR-SURFACE STRUCTURE
derived from Apollo-era measurements on lunar origin and AND THERMAL STATE
early evolution. Since that time, a series of developments
has led to significant refinements of these constraints. First, Observations from topography and gravity have provided
several comprehensive assessments and syntheses of auaigful information regarding lunar internal structure. When
able geophysical and petrological constraints on lunar bulke gravitational attraction of surface topography is removed
composition have been reportddopd and Jones]987; from the gravity field, the remaining (Bouguer) gravity rep-
Mueller et al.,1988). These analyses were stimulated, iresents the distribution of density anomalies in the interior
part, by a more accurate seismic velocity model of the Ithat are indicative of lateral variations in composition and/or
nar mantle lakamura,1983), based on the complete five-thermal state. However, gravity/topography inversions are
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398 Origin of the Earth and Moon

inherently nonunique and benefit from independent get@pography has implications for the Moon'’s internal struc-
physical (mainly seismic) and geochemical constraints. Tiowre and geodynamical evolution.
pography and gravity can be used to address the rigidity ofGravity models of the Moon have been developed from
the lunar lithosphere at the time of loading by surface t8- and X-band Doppler tracking of orbiting spacecraft, prin-
pography or subsurface density variations and provide esipally the Lunar Orbiters, Apollo Command modules and
dence for early rigidity of the lunar lithosphere. Certaisubsatellites, and the Clementine and Lunar Prospector
aspects of the long-wavelength lunar shape may also meacecraft. The Lunar Orbiters were typically in elliptical
serve the record of rigidity in the outer parts of the Moasrbits with periapses of 50—100 km above the lunar surface,
early in its evolution. while the Apollo spacecraft occupied near-circular orbits at
The first high-quality lunar topography was obtainebbw inclinations with a mean altitude of 100 km, although
from laser altimetry on Apollos 15, 16, and 17 (ekgula via the subsatellites on Apollos 15 and 16 some tracking was
et al.,1974). A total of 7080 range measurements was cakquired from altitudes as low as 10—20 km. Clementine
lected from the three missions and these measuremeatsupied a polar elliptical orbit with a periapsis altitude of
when converted to lunar radii by correcting for the orbit @00 km. Lunar Prospector spent its first year in an ~100-km
the spacecraft, provided the first information on the shaakitude circular polar orbit, but the orbit altitude was low-
of the Moon in a geodetic, center-of-mass reference frareeed to a mean of ~30 km for the final seven months of the
The along-track sampling of the measurements was 3fission.
43 km, and the vertical resolution was ~12 m. The absoluteEarliest lunar gravity analyses utilized differentiated
radial accuracy of the measurements, which was control@dppler residuals, which correspond to the signal that re-
by radial orbit knowledge of the Apollo Command andhains after numerical integration of the equations of mo-
Service Modules, was ~400 m. In addition, a radar soundien and correction for all forces on the spacecraft, including
experiment on Apollo 17 acquired essentially continuotise gravitational attraction of Earth, the Sun, and the other
data along the orbit track but had lower vertical resolutiguianets, radiation pressure, and relativistic effects. During
(Brown et al.,1974). The greatest limitation of the Apollathe Apollo era only the Moon’s central mass term was ac-
altimeter data was the coverage, which was restrictedctmunted for, so the residuals contained the total resolvable
within 26° of the equator. However, these data providedrdormation on the lunar gravity fieldPfillips et al.,1978).
measure of the Moon’s equatorial radius and in addition I[Bdppler-derived accelerations are in the line of sight be-
to the identification of the ~2.55-km offset between theveen spacecraft and radio tracking stations on Earth and
Moon'’s center of figure and center of makalifla et al., thus necessarily sample the vertical component of gravity
1974). in a nonuniform manner over the surface. Analysis of line-
Prior to the Clementine Mission (sponsored by the Baif-sight gravity led to the discovery of the lunar mass con-
listic Missile Defense Organization and NASKMpzette et centrations (mascons) over the nearside mbfidl¢r and
al., 1994), the best global-scale representation of lunar &jogren,1968). Subsequent spherical harmonic solutions
pography was a 12th degree and order spherical harmdyased on Doppler observations from multiple satellBds(
model byBills and Ferrari(1977) that incorporated Apollo and Ferrari, 1980) combined pre-Clementine spacecraft
laser altimeter data, orbital photogrammetry and landmarkcking data with Earth-based lunar laser ranging obser-
measurements, and limb profiles. The estimated error f@tions to produce a 16th degree and order spherical har-
individual data types in that model ranged from 300 taonic solution (340-km half-wavelength resolution).
900 m; however, vast regions on the lunar farside lacked donopliv et al.(1993) produced the first high-resolution
measured topography. Near-global topography obtainggherical harmonic model from the tracking of the Lunar
from the Clementine lidaZzQber et al.1994;Smith et al., Orbiters and Apollo subsatellites. This 60th degree and or-
1997) precipitated a significant advance in characterizidgr expansion exhibited excellent performance in terms of
the structure of the lunar interior. The best current repmabit prediction but contained short wavelength noise that
sentation of the shape of the Moon is shown in Fig. 1a. Tinede it nonoptimal for regional scale geophysical studies.
field is Goddard Lunar Topography Model-2 (GLTM-2), &lementine gravity modelZ(ber et al. 1994;Lemoine et
72nd degree and order spherical harmonic expansion ofdli; 1997) with a maximum resolution of 70th degree and
nar radii derived from the ~73,000 valid Clementine lidaarder were characterized by improved short-wavelength
range measurements. The GLTM-2 model has an absokuatrol to enable basin modeling, and in addition provided
vertical accuracy of ~100 m and a spatial resolution of 2./Biproved knowledge of the low-degree harmonics and sec-
(76 km at the equator). The model shows that the Moon danal terms of the lunar field. The combination of tracking
be represented as a sphere with maximum positive and negpservations from Lunar Prospector with historical obser-
tive deviations of ~8 km, both occurring on the farside, wations yielded a 75th degree and order fi&gddnppliv et
the areas of the Korolev and South Pole-Aitken Basins. Tdlg 1998), shown in Fig. 1b, as well as a very recent 100th
amplitude spectrum of the topography field exhibits signifidegree and order field (A. Konopliv, personal communica-
cantly more power at longer wavelengths as comparedtitn, 1999) with a half-wavelength resolution of 55 km
previous models due to more complete sampling of the Where the data permit. Compared to Clementine models, the
nar surface, particularly on the farside in areas of large tainar Prospector gravity fields are characterized by better
pographic variance. The mechanism of support for tH@ng-wavelength control and improved short-wavelength
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Fig. 1. Lunar topography, gravity, and crustal thickngsg.Topography model GLGM-2Smith et al.,1997). (b) Gravity model
LP75G Konopliv et al.,1998).(c) Single-layer Airy compensation crustal thickness model updatedWiaerzorek and Phillip61998)
using topography model GLTM-2 and gravity model LP75D.
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resolution, the latter of which is facilitating more detaileccenter-of-figure from the center-of-madsagla et al.,
regional modeling of nearside basins. 1974). While the average farside crustal thickness is greater
Despite the global nature of spherical harmonic solthan that on the nearside, the distribution is nonuniform.
tions, all the gravitational models produced thus far afglost significantly, the South Pole-Aitken Basin on the lu-
plagued by a lack of direct tracking on the lunar farsidear farside is an extensive region of crust that is much thin-
Because the spacecraft is sensitive to perturbations ohar than the nearside average. In Airy models the anortho-
range of wavelengths, some information on the spatialtic lunar crust comprises ~10% of the volume of the
distribution of lunar farside gravity is obtained from spaceMoon. Global multispectral observations show the interior
craft orbital changes as spacecraft enter and exit occult#-the South Pole-Aitken Basin to be more mafic than its
tion, even when the spacecratft is not directly above featuresrroundingsl{ucey et al.1994, 1998), which would sug-
of interest. However, the magnitudes of anomalies agest internal compositional layering. The nature of such
unreliable and thus cannot be used for geophysical mod&yering has been explored in crustal thickness inversions
ing. by Wieczorek and Phillip61997, 1998), who demonstrated
The thickness of the lunar crust provides an indicatiothe viability of an internal structure with two crustal
of the extent of melting of the lunar exterior in its earlyjlayers. Future attempts to refine shallow compositional
history. Crustal thickness has traditionally been determinediructure from crustal thickness models will require incor-
by modeling the lunar gravity and topography fields. Giveporation of geochemical information, particularly in areas
simplifying assumptions (cSolomon,1978;Thurber and surrounding impact basins that have excavated deeply into
Solomon,1978) including the densities and possible laterahe crust and reveal the shallow subsurface structure.
variations of density in the crust and mantle, as well as the On a regional scale, the crustal structure in the vicinity
mode of compensation, Bouguer gravity can be converted major impact structures has been recently improved.
to crustal thickness. Published crustal thickness models di&ravity data show that nearside and some farside basins are
fer in detail, but all are “anchored” by the seismically deeharacterized by strong positive mascon anomalies often
termined crustal structure beneath the Apollo 12 and Burrounded by negative rings that represent subsurface mass
sites. An early inversionBfatt et al.,1985) captured es- deficiencies luller and Sjogren1968;Zuber et al.,1974).
sential features such as the nearside-farside crustal thiékecent geophysical prospecting has revealed that these
ness difference and the thinning of the crust beneath majoegative rings also characterize the Chicxulub basin on
impact basins, but that analysis was limited by the absengarth and major impact basins on Ma&mjth et al.,1999)
of reliable, near-global topography. and are thus fundamental features of impact basins. Mod-
A common feature of the Clementine and Lunar Prosling studies that incorporate recent estimates of mare fill
pector gravity models is that highland regions are charatttickness Williams and Zuber1998;Budney and Lucey,
terized by low-amplitude anomalies that reflect a state d998) show that the mascons are a consequence of a com-
isostatic compensation of surface topography. In principlejnation of mare filling and uplifted crust associated with
such compensation may be achieved either by an Airgbound that occurred as part of the impact prodafse(
mechanism (thickness variations of a constant-density cruat)d Yates1970;Phillips and Dvorak,1981;Melosh,1989).
or by a Pratt mechanism (lateral density variations withih follows that a mascon can, in principle, be produced with-
a constant-thickness crust or in the upper mantle), or loyt any mare fill Phillips and Dvorak,1981) and several
some combination of the two. Evidence against a signifsuch structures have recently been resolved on the farside
cant component of Pratt compensation has been presenfeain Lunar Prospector gravity field&gnopliv et al.,1998).
for example, byWieczorek and Phillip€l997, their Fig. 8) Figure 2 illustrates the inferred subsurface structure via an
based on a near lack of correlation of surface Fe abundamoeeersion for crustal structure beneath the Orientale Basin.
with elevation for the nearside highlands. Crustal thicknesurrounding the thinned central region is an apparent ring
models based on near-global Clementine topography cowf- thickened crust. While brecciation or comminution of
bined with the gravity modelZ(ber et al.1994;Neumann crustal material associated with the impact process has been
et al., 1996; Solomon and Simon4996;Wieczorek and invoked to explain these feature®i Frese et al.1996),
Phillips, 1998) have therefore most commonly assumeslich effects cannot in themselves plausibly account for the
compensation of topography by an Airy mechanism thamagnitudes of the observed mass deficiencies.
assumes a strengthless lunar lithosphere in which pressure$On the basis of elastic plate models constrained by ob-
in vertical columns are balanced by relief along a singleerved tectonic features, it has been realized for some time
subsurface interface. Such models show a large rangetbét the lunar lithosphere exhibited demonstrable rigidity
global crustal thickness (~20-110 km) that would requirat the time of mare loading (e.gcomer et al.,1979;
major spatial variations in melting of the lunar exterioiSolomon and Head,980). Clementine and Lunar Prospec-
and/or significant impact-related redistribution of lunar crugor observations now indicate that the lithosphere was strong
(Zuber et al.1994). The ~61-km average crustal thicknesgnough to support loads even earlier in lunar history. In
constrained by a depth-to-Moho measured during thregional models of the subsurface structure of some mare
Apollo 12 and 14 missions, is preferentially distributedasins, local isostatic models cannot fit the gravity data and
toward the farside, accounting for much of the offset iit appears that relief at the surface and along the Moho was
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Orientale Basin suming synchronous rotation, the degree-2 topography
would require that the Moon “froze in” its long-wavelength
—_— shape at a distance of 13 to 16 Earth radii. Such a scenario
is problematic given dynamical studies (e@qldreich,
VEE. 1011 Moho . 1966; Touma,2000) of the evolution of the Earth-Moon
system that suggest that the Moon, which had a mostly
molten exterior early in its history\ood et al.1970), re-
ceded from Earth rapidly, before significant freezing out of
the magma ocean likely occurred. Dynamical mechanisms
that could slow the retreat of the Moon from Earth would
cause significant heating of the lunar interiboyma and
Wisdom,1994), and would exacerbate the problem of how
to cool the Moon quickly enough to explain the degree-2
shape in the context of an earlier, faster rotation. Previous
analysis of the compensation of long-wavelength loads
(Willemann and Turcottel981), and a more recent treat-
Fig. 2. West to east, south to north, radial average profiles ahent of time-dependent load relaxati@mn¢ng and Zuber,
surface topography and Moho depth from an inversion using te@99), show that compensation is strongly dependent on
method ofNeumann et a(1996) using GLTM-2 and LP75G. The planetary radius, such that significant long wavelength loads
model assumed a 1.7-km-thick mare load and an average deplih he supported over lunar history by a thin elastic litho-
to Moho as determined Biieczorek and Phillip$1997). sphere. However, current thermal models (€gichard

and Stevenso2000), which admittedly have significant un-

certainties, favor hot early conditions. Joint consideration

of dynamical and thermal models constrained by long
supported by the strength of the lithosphere prior to maveavelength topography and gravity will ultimately be re-
filling (Zuber et al.,1994). For example, the data forquired to resolve the inconsistency.
Orientale (Fig. 2) indicates that if this basin was isostatic
before mare emplacement, then more than 5 km of mare 3. MANTLE COMPOSITION AND
fill would be required to account for the observed gravity THERMAL STATE
field. Such a value is implausible since in this basin the
maximum mare fill thickness is well-constrained to be less The lunar mantle comprises about five-sixths of the lu-
than 2 km Solomon and Head,980;Williams and Zuber, nar volume and therefore makes the main contribution to
1998). Both the central uplift beneath the basin and the stire Moon’s bulk composition. To some extent, the compo-
rounding depression of the Moho are nonisostatic effecsifion of the upper mantle (60-500 km depth) can be in-
indicative of early lithospheric rigidityNeumann et al. ferred from surface mare basalt samples that experienced
(1996) have identified a negative correlation between Mohgartial melting at depth and subsequent upward migration
relief and age, which indicates that basins formed at latég.g., Ringwood and Essen&970; Delano, 1986; Taylor,
times maintained a greater amount of the uplift resulting987). For example, a Mg number (Mg#) [molar MgO/
from the impact process. This observation provides qualiMgO + FeO) x 100] of the upper mantle in the range of
tative evidence for cooling and thickening of the outer shel5—80 and a bulk AD; content of <1 wt% may be esti-
of the early Moon. mated on this basis. However, few (if any) surface samples

Additional evidence for early lunar rigidity comes fromare believed to have originated in the middle and lower

the Moon’s long-wavelength shape. The present topographi@ntle (>500 km depth), representing more than one-third
shape of the Moon is flattened by 2.2 km, while its gravitgf the lunar volume. This region is therefore essentially in-
field is flattened only ~0.5 knBmith and Zubef,998). The accessible to direct or indirect chemical sampling and can
hydrostatic component of the flattening, i.e., that whiclenly be characterized geophysically.
arises from the Moon’s present-day rotation, is only 7 m. Geophysical constraints on the composition of the
This difference between the topographic and gravitationalantle come almost entirely from interpretations of seis-
equipotential shape has previously been explained as thé velocity models, supplemented by measurements of the
“memory” of an earlier Moon that was rotating faster andunar mean density and moment-of-inertia. As reviewed by
had a correspondingly larger hydrostatic flattenitegfieys, H86, the small number (4) and areal distribution of the
1970;Lambeck and Pullart,980;Willemann and Turcotte, Apollo seismic stations combined with a low signal-to-noise
1981). Recent analysiSiith and Zubed 998) has shown ratio for lunar seismic signals has hindered accurate deter-
that other degree-2 terms of the lunar topographic field alsninations of the seismic velocity structure of the mantle.
exceed significantly their counterparts in the gravity fieldh number of estimations of the velocity structure in the
(Konopliv et al.,1998) and are mutually consistent with amantle were published based on early analyses of the
lunar rotation rate about 15x greater than at present. Aspollo seismic datasetN@akamura et al.1976; Goins,
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Fig. 3. P- and S-wave velocity model for the lunar mantle de-
rived by Nakamura(1983). One-standard-deviation error limits
resulting mainly from the variance in arrival time readings are
shown.

1978;Goins et al.,1981;Nakamura,1983). Of these, the
model of Nakamura(1983) (Fig. 3) is probably most ac-
curate because it was the first to be based on the complete
five-year Apollo record and analyzed signals from more
deep moonquake sources (41) than had been considered
previously. The Nakamura model is characterized by an
apparent velocity decrease with depth in the upper mantle
followed by a substantial velocity increase at ~500 km
depth. As noted originally bixakamura(1983), the 500-

km velocity increase would imply either an increase in Mg#
below this depth or a phase change, presumably involving
the transition from the spinel to the garnet stability field for
Al-bearing silicates.

Recently,Khan (1998) andKhan et al.(2000) have re-
ported a new inversion of the complete Apollo seismic
dataset using more modern, computationally intensive, in-
verse Monte Carlo methods. Only P-wave arrivals were ana-
lyzed, with results for the P-wave velocity structure shown
in Fig. 4. Unlike the Nakamura model, the upper mantle v
locity in the Khan model (8.1 £ 1.5 km/s) is essentiall
constant with increasing depth. Like the Nakamura mod
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per mantle. In the deep moonquake source region, P-wave
. velocities are even larger (11.0 + 1.2 km/s). Because of the
- more rigorous statistical technique, the Khan model repre-
sents an improvement over the Nakamura model. However,
significant statistical uncertainties characterize both mod-
els and systematic errors (relating, for example, to lateral
heterogeneities beneath the sparse Apollo seismic network)
could well be present. In general, the middle and lower
mantle P-wave velocities of the Khan model (9-11 km/s)
are larger than those of the Nakamura model (8.26 *
7 0.40 km/s) and the uncertainties are somewhat larger. In
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ig. 4. P-wave seismic velocity model for the lunar mantle de-
rived from the Apollo lunar seismic datasetKlyan et al.(2000)

sing an inverse Monte Carlo method. Contour lines define eight
) ) ; ‘equal-spaced probability density intervals for the velocity distri-
the Khan model is characterized by a substantial veloCifysion. The velocity increase near 500 km depth marks the transi-
increase (to 9.0 + 1.5 km/s) near 500 km. Moreover, as se@fh from the upper mantle to the lower mantle. The deep moon-
in Fig. 4, the velocity structure in the middle and loweguake source region is in the 850-960-km depth range. From

mantle appears to be more inhomogeneous than in the ian et al.(2000).
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particular, it is possible that the more inhomogeneowsgued that the Apollo 15 and 17 landing sites were near
middle mantle velocities may reflect, at least in part, a “lehe edges of maria where megaregolith thickness may be
verage effect” due to data errors and/or model insensitivignusually shallow, leading to anomalously high heat flow
at these depths. rates. On this basis, they proposed an alternate global mean
Because of the significant temperature dependencestafat flow rate of 11 mW/& Such a global mean value
mineral elastic constants (see, etppd and Jones,987), would imply bulk lunar U abundances ranging from 20 to
guantitative interpretation of lunar seismic velocity mod27 ppb. The lower limit of this range is not significantly
els requires a prior consideration of bounds on the lundifferent from the terrestrial value. They therefore argued
mantle temperature profile. As reviewed, for example, bthat the Apollo heat flow data alone do not definitively
H86, constraints on the thermal structure of the lunar manttequire a lunar excess of refractory elements. It may be
come from surface heat flow data, seismic data, gravity datmncluded from these results that additional direct lunar heat
and electromagnetic sounding data. At the surface, the mdkow measurements in a wider variety of geologic settings
temperature is measurable as ~0°C. At 300 km depth, a cane probably needed before a firm constraint on either lu-
straint on upper mantle temperatures of <800°C has beear bulk composition or thermal state will be possible.
inferred from the apparent maintenance of mascon Several of the Apollo-era seismic models have been ana-
anisostasy over 3—4 eoruflan and Lambeck,980). This lyzed to infer constraints on the structure and composition
upper limit is consistent with the high mean seismic inef the lunar mantleBuck and Toks64,980;Basaltic Vol-
verse dissipation (Q) values (4000—700@&kamura and canism Study Project981;Hood and Joned,987;Mueller
Koyamal982) in this depth range. In the middle mantleet al.,1988). Of most interest here are the studiesldgd
Q-values are reduced to >1000, implying somewhat highand Jone€1987) andMueller et al.(1988), who analyzed
temperatures. However, the locations of most deep moahe later and more accuratekamura(1983) model. In the
guake foci in the depth range from 850 to 960 kthah study byHood and Jonegl987), forward calculations were
et al.,2000) still requires temperatures well below the soliperformed of seismic velocity profiles for several possible
dus at these depths to allow the implied accumulation afnar bulk compositions, differentiation schemes, and ther-
tidal stresses. At 850 km depth, the lunar solidus tempenaal gradients. Comparisons of the calculated profiles to the
ture may be estimated as 1400° £ 100°C, increasing akamura model favored models that assumed differentia-
1500° + 100°C by 1000 km deptRifigwood and Essene, tion of the upper mantle only, that were more aluminous
1970;Hodges and Kushiral974). At depths greater thanin bulk composition than the terrestrial mantle, and that
~1000 km, S-wave Q-values decrease to ~100, implyingere characterized by an increase in Mg# in the middle and
greater dissipation and temperatures probably approachilogver mantle relative to the upper mantle. Although seis-
the solidus. From the above constraints, a temperature proic velocities tended to decrease in the upper mantle be-
file that starts at 0°C at 0 km depth, increases to ~750°Catuse of the large thermal gradient in this zone, the
300 km depth, to ~1200°C at 800 km depth, and tcalculated decrease was generally too small to match that
~1400°C at 1100 km depth may be suggested. Such a pod-the Nakamura model. (Note, however, that the Khan
file is approximately consistent with some thermal historynodel has no significant velocity decrease in the upper
models (e.g.Joks0z et al.1978). The latter model assumedmantle.) In the study biueller et al.(1988), an attempt
melting and differentiation to a depth of ~500 km and awas made to “invert” the Nakamura model to find the range
average U concentration of 35 ppb. The model indicateaf lunar compositional and evolutionary models consistent
that convective heat transport was important during eanlyith the observational seismic velocities. These authors also
lunar history but is presently weak and confined mainly tmferred that an increase in aluminous phases and an in-
the lower mantle. crease in Mg# was probably required in the middle and
As reviewed byH86, surface heat flow measurementdower mantle to explain the P-wave velocity increase at
were obtained at the Apollo 15 and 17 landing sites (21 aB@®0 km depth. They concluded that the 500-km disconti-
16 mW/n? respectively) and have been applied to constraimuity probably marks the lowest extent of lunar differen-
both the thermal state and radioactive elemental composiation and may represent a transition to a less fractionated,
tion of the lunar interior. By extrapolating these isolateghossibly primordial middle and lower mantle.
measurements using orbital data on surface Th abundanceglthough theKhan et al.(2000) seismic model has not
and inferred crustal thicknessdsgngseth et al(1976) yet been quantitatively interpreted, the authors have noted
originally estimated a global mean heat flow rate of 18 m\Weveral probable implications of the model for lunar struc-
m2. Such a high mean heat flow value would imply bulkure and evolution. In particular, the nearly homogeneous
lunar U abundances ranging from 35 to 46 ppb, dependingper mantle velocity structure and the more complex
on whether secular cooling is important or whether a simpteiddle mantle structure were interpreted to imply early
steady-state balance exists between heat production and lo&dting and differentiation to 500 km depth. Beneath this
respectively. These values are much larger than that for ttiansition, the middle and lower mantle were suggested to
bulk Earth (18 ppb) and would therefore support the viewonsist of relatively “pristine” and inhomogeneous mate-
that the Moon is enriched in refractory elements (@ay; rial. (Note again, however, that increased data errors and/or
lor, 1987). HoweverRasmussen and Warréh985) later model insensitivity in the middle and lower mantle may
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contribute to the more complex velocity structure at thosally definitive, as reviewed below, together they provide
depths.) strong evidence for the existence of a small lunar metallic
The above interpretations of the inferred seismic velocore representing 1-3% of the lunar mass.
ity structure of the lunar mantle have several interesting One indirect approach toward investigating the existence
derivative implications for lunar origin and evolution mod-of a dense metallic core is to apply the moment of inertia
els. In general, a preferred interpretation of the seismic veenstraint together with thermal and density models of the
locity increase at 500 km depth is a change in compositidunar crust and mantlédpod and Jonesl987;Mueller et
to more aluminous, more MgO-rich mafic silicates. This inal., 1988). During the post-Apollo period, the best avail-
ferred composition change, combined with the evidence fable determination of the normalized polar moment of in-
a homogeneous upper mantle and an inhomogeneoersia was 0.3905 + 0.00284rari et al., 1980). Adopting
middle and lower mantle, is most easily understood if then upper bound of 0.3928, bd#ood and Jonefl987) and
Moon was initially melted and differentiated only to aMueller et al.(1988) found that mantle density increases
depth of 500 km. Initial differentiation to 500 km meansalone were insufficient to match this adopted limit for plau-
that all the Al now in the lunar crust must have been exsible thermal, compositional, and evolutionary models of
tracted from the upper mantle. This inference, combindtie lunar interior. A small dense core was therefore sug-
with the increased alumina abundance in the middle awg@sted. Considering independent limits on the maximum
lower mantle, as well as petrologic evidence for a reducexbre size from electromagnetic sounding dategpd and
Mg# in the lunar upper mantle, increases the likelihood thdbnes(1987) concluded that a core representing 1-4% of
the Moon'’s bulk composition differs significantly from thatthe lunar mass was most probable. Corresponding core ra-
of the terrestrial mantle. As noted Blueller et al.(1988), dius limits are in the range of 200—450 km for an Fe com-
this compositional dissimilarity is sufficient to dismiss clasposition. Recentlykonopliv et al.(1998) have reported a
sical fission models even without considering dynamical olsignificantly improved determination of the normalized
jections. polar moment of 0.3932 + 0.0002 using Lunar Prospector
Of the remaining models for lunar origin (capture, biDoppler gravity data. The corresponding upper bound of
nary accretion, impact-fission), the impact-fission model i6.3934 is only marginally larger than that adopted previ-
currently considered to be the most dynamically plausibleusly by Hood and Jone$1987) and byMueller et al.
(e.g.,Cameron,1997; Canup and Esposital996). As (1988). Their conclusions with respect to the existence of
pointed out byMueller et al.(1988), a primitive, undiffer- a small core remain unchanged. However, the more accu-
entiated middle and lower mantle consisting of more aluate and larger value of the normalized moment increases
minous and MgO-rich phases could be consistent with sucbnfidence that no more than a small core is present.
a model. Because the impactor mass and composition areldeally, by analogy with the terrestrial case, seismic ar-
poorly constrained, the initial composition of the impactrival time data could be used to determine directly the ex-
produced vapor cloud is not precisely known. Howeveistence and size of a metallic core since seismic velocities
MgO is more refractory than FeO under vapor conditionare significantly reduced in a metallic medium. However,
(Grossman and Larimef,974) and alumina is a very re-the low signal-to-noise ratio of lunar seismic signals lim-
fractory component of a silicate vapor. It may therefore biged the efficacy of this approach in the case of the Apollo
suggested that fractional condensation of the impact vapagismic datasetd86). Future lunar seismic data may be
would favor a more aluminous and MgO-rich compositioracquired by the planned Japanese LUNAR-A penetrator
for the earliest condensates. As also notediogller et  mission Mizutani, 1995). Three penetrators containing
al. (1988), these condensates may have accreted to formlaasensitive seismometers and heat-flow probes will be
small proto-Moon that could have remained unmelted bemplaced at locations diametrically opposite to one another
cause of smaller accretional energy deposition, larger sand to the known locations of deep moonquake sources.
face area to volume ratio, and a relatively high meltinghe mission is designed to exploit knowledge gained from
temperature. Later addition of less refractory material ahe Apollo network in order to better investigate the exist-
higher impact velocities may have melted only the outence and size of a metallic core.
500 km of the final proto-Moon, producing the upper A third approach toward investigating the existence and
mantle and crust. size of a metallic core takes advantage of the core’s high
electrical conductivity relative to that of the mantle. In ad-
4., CORE dition to time-dependent electromagnetic induction studies
that normally employ simultaneous data from at least two
As reviewed in more detail byl86, independent geo- magnetometersH86), an alternate approach toward core
physical constraints on the existence and size of a lundetection requires data from a single magnetometer in low-
metallic core come from gravity data, seismic data, ele@ltitude lunar orbit (Fig. 5). In this approach, time intervals
tromagnetic sounding data, laser ranging data, and palewe identified when the Moon is exposed for prolonged pe-
magnetic data. Recent measurements by instruments on tioels to a nearly spatially uniform magnetic field in a near-
Lunar Prospector spacecraft as well as continued groungecuum environment. Conditions that approximate this
based laser ranging measurements have led to significaaealized situation occur occasionally each month when the
refinements of these constraints. Although none is individiMoon passes through a lobe of the geomagnetic tail. Ex-
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posure of the Moon to such a steady field induces electtisually long period (>2 days) during which the tail lobe
cal currents in the lunar interior with an associated negfield was relatively strong and steady. Careful editing and
tive induced magnetic dipole moment oriented opposite @veraging of individual orbit segments increased the signal-
the applied field. The sum of the steady field and the irie-noise ratio and allowed a measurement of the induced
duced field produces a perturbation as shown in Fig. 5. Aftatoment as —2.4 + 1.6 x 30Gauss-cfiper Gauss of ap-
currents in the lunar mantle have decayed (=5 h or lesp)ied field. Figure 6 plots the variance between the mean
any residual steady induced moment is expected to be dulgserved field perturbation and that expected theoretically
to currents near the surface of a possible highly electrical4s a function of core size. It is seen that the data strongly
conducting core. The amplitude of the residual moment exclude cores with radii larger than 450 km, but cores
then relatable to the core radius. smaller than 300 km radius are less strongly excluded. The
Measurements of the lunar induced moment in the gepreferred moment amplitude is slightly smaller than that
magnetic tail were originally obtained using data fronobtained byRussell et al(1981), but the two estimates are
magnetometers on the Apollo 15 and 16 subsatellitesarginally consistent within theoluncertainties of the
(Russell et al.1981). Careful editing to eliminate periodsmeasurements. Assuming that the induced field is caused
when significant plasma densities were present resulted in
a final estimated induced moment of —4.23 + 0.64 % 10
Gauss-crd per Gauss of applied field. Assuming that this
moment was entirely caused by a metallic core, the core
radius was estimated as 439 + 22 km. As discussetBby 0.04
possible error sources include paramagnetic effects (mean =
permeability >1) and incomplete decay of mantle-induced 0.038
fields resulting from short-term changes in the mean field~
amplitude. =
Since the launch of Lunar Prospector in January 19985 o0.034
an effort has been made to obtain independent measur%
ments of the lunar induced moment in the geomagnetic taif 00
(Hood et al.,1999). Because Lunar Prospector is in a near- (3
polar orbit, measurements of the induced moment are geo-
metrically most feasible when the orbit plane is nearly %% 200 200 200 00
parallel to the Sun-Moon line (parallel to the Z axis in Core Radius (km)
Fig. 5). This occurs approximately at six-month intervals.
The first opportunity for optimal measurements, i.e., the firgig 6. variances of model field perturbations from observed
period when the orbit plane was optimally aligned, occurragean field perturbations as a function of induced moment ampli-
in April 1998. During this month, the Moon fortuitously tude. Equivalent core radii are also indicated on the lower scale.
entered the north tail lobe and remained there for an uRrom Hood et al.(1999).
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entirely by electrical currents near the surface of a highlgver the maria as compared to the highlands and impact
electrically conducting metallic core, the preferred corbasin ejecta could be understood since impact processes
radius is 340 + 90 km, representing 1-3% of the lunar maggayed an important role in producing larger concentrations
However, when uncertainties related to the possible prestremanence carriers. Second, the four largest concentra-
ence of residual mantle-induced fields are considered, thisns of magnetic anomalies within the region mapped by
measurement should be regarded as an upper limit on the Apollo subsatellites occurred near the antipodes of the
core radius (430 km at thesy level). four youngest and largest impact basins: Imbrium,
One additional property of a metallic core that may b®rientale, Serenitatis, and Crisiuixir{ et al.,1988). More
detectable geophysically is its liquid state. Thermal histomecent mapping using improved data coverage by the Lu-
models (e.g.Konrad and Spohnl1998) indicate that Fe nar Prospector magnetometer and electron reflectometer has
cores containing a small amount of S can remain liquidonfirmed this correlationL{n et al., 1998). A model for
through the entire 4.6 b.y. of lunar evolution. A fluid methe origin of magnetic anomalies antipodal to lunar impact
tallic core enhances friction at the core-mantle boundaryasins involving expansion of a massive, partially ionized
causing a larger dissipation of rotational energy in the Moampact vapor cloud around the Moon has been partially
than would be expected without a fluid co¥®der,1981, developedilood and Huangl1991). Nevertheless, the ori-
1984; Ferrari et al., 1980). Lunar laser ranging measure-gin of the ambient magnetic field remains unclear. A core
ments of physical libration parameters have shown that tkdgnamo origin cannot be excluded by the orbital data alone
lunar rotation axis is advanced by about 0.2 arcsec from thimce impact processes have greatly complicated the distri-
Cassini alignment, indicating significant internal dissipatiorbution and orientation of crustal anomaly sources. On the
In addition to solid-state friction in the lunar mantle, fric-other hand, a core dynamo is also not required to be present
tion at the boundary between a fluid core and a solid silaccording to some impact field models (eldood and
cate mantle appears to be necessary to explain the madirang, 1991).
tude of this advance. On the basis of a turbulent coupling In summary, gravity, electromagnetic sounding, and la-
model,Yoder(1981) originally inferred a probable core ra-ser ranging data appear to be converging in indicating the
dius of 330 km. More recently, additional laser ranging dakxistence of a small dense, highly electrically conducting,
and an improved gravity field from Lunar Prospector Dopand probably fluid core within the Moon. The most prob-
pler tracking have allowed a reevaluation of this constraimtble core radius is in the range of 300—400 km, represent-
on the existence and size of a fluid lunar core. Taking iniag ~1-3% of the lunar mass. However, when all uncertain-
account all uncertainties, including possible topography dies are considered, both the laser ranging data and the
the core-mantle boundary as well as theoretical uncertaielectromagnetic sounding data are most conservatively in-
ties, a b upper limit of 352 km on the core radius for arterpreted as implying only an upper limit on the core ra-
assumed Fe composition has been repowéitldms et al., dius, 352 km in the case of the ranging data and 430 km in
1999). For an Fe-FeS eutectic composition, the upper lintlie case of the induced moment measurements. Likewise,
is increased to 374 km. It should be noted that an additionatcertainties in mantle thermal, composition, and evolution-
solid inner core is neither excluded nor required by thary models as constrained by seismic velocity models are
available ranging data. sufficiently large that the existence of a dense core is only
Finally, one additional geophysical indication of themarginally indicatedNlueller et al.,1988). Consequently,
possible existence of a lunar metallic core is the observatthough the existence of a metallic core is the most prob-
pervasive paleomagnetism of lunar crustal materials (for rable interpretation of the available data, additional measure-
views, sed-uller, 1974;Fuller and Cisowskil987;Hood, ments (possibly those planned for the Japanese LUNAR-A
1995). Paleointensity estimates for returned lunar samplesssion) are needed to more definitively resolve this fun-
suggest relatively large (~1 Gauss) surface magnetizimgmental issue.
fields between about 3.6 and 3.8 eons I&sdwski et al.,
1983; Cisowski and Fuller1986). This would be sugges- 5. SUMMARY
tive of a former core dynamo. On the other hand, orbital
measurements indicate an important role for impact pro- As discussed in section 2, Clementine and Lunar Pros-
cesses in producing the strongest concentrations of crugtalctor gravity and topography data demonstrate a wide
magnetic anomalies. First, low-altitude passes across trange of global crustal thickness variations (~20-110 km),
lunar nearside by the Apollo 16 subsatellite magnetometnplying either impact-related redistribution of crustal ma-
showed that fields are relatively weak across the maria higtrials or lateral heterogeneities in early melting and dif-
are larger over exposures of the Fra Mauro and Cayley Féerentiation, or both. The mean crustal thickness is ~61 km
mations (primary and secondary basin ejecta respectively)th larger mean values on the farside except beneath the
(Hood et al.,1979). It had previously been shown fromSouth Pole-Aitken Basin. Recent modeling of mascon grav-
sample studies that mare basalts contain relatively littiey anomalies supports the view that they are caused by a
microscopic Fe remanence carriers, while impact-producedmbination of postimpact rebound of the crust followed
breccias and soils contain much more of these carrieng mare filling. Support for this view comes from obser-
(Strangway et al.1973). Thus the absence of strong fieldvations of mascons associated with several farside basins
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that appear to lack mare fill. Modeling of regional and longmay be needed to more definitively establish the existence
wavelength Clementine and Lunar Prospector data providé a metallic core.

evidence for a rigid lunar lithosphere well before the mare
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